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 The global dependence on fossil fuels continues to increase while the supply 
diminishes, causing the proliferation in demand for renewable energy sources. 
Intermittent renewable energy sources such as wind and solar, require electrochemical 
storage devices in order to transfer stored energy to the power grid at a constant output. 
Redox flow batteries (RFB) have been studied extensively due to improvements in 
scalability, cyclability and efficiency over conventional batteries. Vanadium redox flow 
batteries (VRFB) provide one of the most comprehensive solutions to energy storage in 
relation to other RFBs by alleviating the problem of cross-contamination.  
 Quinones are a class of organic compounds that have been extensively used in 
chemistry, biochemistry and pharmacology due to their catalytic properties, fast proton-
coupled electron transfer, good chemical stability and low cost. Anthraquinones are a 
subcategory of quinones and have been utilized in several battery systems. 
Anthraquinone-2, 6-disulfonic acid (AQDS) was added to a VRFB in order to study its 
effects on cyclical performance. This study utilized carbon paper electrodes and a Nafion 
117 ion exchange membrane for the membrane-electrode assembly (MEA).  The cycling 
performance was investigated over multiple charge and discharge cycles and the addition 
of AQDS was found to increase capacity efficiency by an average of 7.6% over the 
standard VRFB, while decreasing the overall cycle duration by approximately 18%. It is 
thus reported that the addition of AQDS to a VRFB electrolyte has the potential to 
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Chapter 1: Introduction 
1.1 Energy Consumption and Generation 
A global initiative is underway to find solutions to reduce our dependence on 
fossil fuels and utilize renewable energy resources. Global production of energy over the 
last 40 years is shown in Figure 1.  It can be observed that while the share of electricity 
production from fossil fuels has decreased from 74% in 1971 to 67% in 2013, absolute 
amounts of coal utilized have increased due to higher overall production of energy [1]. 
The decrease in the share of electrical production from fossil fuels is in part due to the 
increased energy supply provided by renewable energy resources [1]. Unfortunately, the 
increase in production of energy from renewable resources is not globally homogenous 
[1]. Many countries are similar to the United States where the contribution of renewables 
to the energy supply as a percentage of the total production has only increased by 
approximately 1.5% since 1990 [1]. In addition to the moral obligations to adopt 





Figure 1: Global energy generation by source per year in terawatt hours (TWh). The 
most power generated in 2013 was produced by coal and peat and has been increasing 
since 1971 [1]. Reprinted with permission from OECD Factbook 2015-2016: Economic, 
Environmental and Social Statistics [1]. 
 
It is projected that by 2030 electric cars will account for 64% of all light 
commercial vehicle sales and will constitute 24% of all light vehicles on the road [9]. The 
increased load requirement from the power grid for these vehicles, especially during peak 
hours, will result in increased energy production from fossil fuels under our current 
system [10, 11]. The proliferation of renewable energy resources connected to the power 
grid can mitigate the use of environmentally harmful fossil fuel energy production. The 
current global renewable energy supply portfolio primarily consists of: hydro, 
geothermal, solar, wind, tide, wave, biofuel, biomass, and waste [1, 2]. As can be seen 
from Figure 2, the energy contribution from these renewable energy sources has 
increased globally from 4.8% in 1971 to 9.2% in 2014, while the influence of hydro and 
geothermal energy production has remained relatively constant since the 1990s [1]. At 




increased since 2000, while biofuel and waste energy production has maintained 
relatively constant growth [1]. The recent propagation of solar and wind energy 
production merits the study of associated systems to improve efficiencies, reliability, and 
capacity. 
Figure 2: Global production of renewable energy per year measured in thousand tons of 
oil equivalent. The production of energy derived from hydro and geothermal has 
remained comparatively consistent since the 1990s while biofuels, waste, solar and wind 
have had recent proliferation [1]. Reprinted with permission from OECD Factbook 2015-
2016: Economic, Environmental and Social Statistics [1]. 
 
1.2 Energy Storage Solutions 
The intermittent nature of renewable energy sources, such as solar and wind, 
necessitate the need for energy storage devices to be employed in order to transmit a 
constant output of energy to the power grid. Energy storage solutions can be divided into 
eight main types: electrochemical batteries, flow batteries, capacitors, compressed air, 
flywheel, pumped hydroelectric, superconducting magnets, and thermal [2, 12, 13]. Each 




correlate to potential power grid applications (Figure 3) [2, 12]. The predominant energy 
storage solution currently utilized in industry is pumped hydroelectric. This system 
utilizes a generator and turbine system to pump water from a lower elevation reservoir to 
a high elevation reservoir during periods of low energy demand, and reverses the process 
when demand from the grid is high [2, 13]. Globally, these systems represent 99% of all 
storage capacity, with the ability to store 127 gigawatts (GW) of power [2, 13]. However, 
they require vast amounts of mountainous land, and therefore cannot be installed in many 
regions [2, 13]. The second most prevalent energy storage system is compressed air, 
where air is compressed while energy supply is high and later released into a turbine 
generator system. Compressed air systems are used to store 440 megawatts (MW) of 
energy globally by compressing the air in underground salt formations, aquifers and 
depleted natural gas caverns [2, 13]. These systems are limited in their scope due to their 
requirement for large geological formations. The third most prominent energy storage 
technology is the sodium-sulfur battery which is used to store 316 MW of energy 
worldwide [2, 13]. The main drawback of these batteries is the operating temperature of 






Figure 3: Comparison of current energy storage solutions in relation to their discharge 
time and power ratings. Power ratings are divided into three applications: uninterruptible 
power supply (UPS), transmission & distribution (T&D), and bulk power. These 
comparisons are general, and many of the options can have broader power ratings and 
varied discharge times [2]. 
 
Conventional lead-acid batteries are widely used for energy storage due to long 
life span and good reliability under extreme working conditions. However, these batteries 
are generally expensive, toxic, and require frequent maintenance [14]. Some of the most 
promising energy storage solutions utilize lithium ion chemistries due to their high 
energy density and comparatively low weight [11-13].  Lithium ion batteries have been 
extensively deployed in a multitude of consumer electronic devices, and are currently the 
battery solution utilized in plug-in hybrid electric vehicles (PHEVs) and all-electric 
vehicles (EVs) [13]. The downside to lithium batteries is the scarcity of this resource, the 




As an alternative to conventional batteries, redox flow batteries (RFBs) have been studied 
extensively with the intention of replacing existing utility-scale energy storage devices [7, 
12, 14, 18-26]. RFBs are being studied because of several advantages over conventional 
batteries: lower cost, high efficiency, flexible operation and application, modularity, 
simple electrode reactions, electrochemically reversible reactions, and high cyclability 
[20].  
1.3  Redox Flow Batteries 
 
The first RFB was designed and patented by Lawrence Thaller from the National 
Aeronautics and Space Administration (NASA) in 1975 [26]. RFBs generally work by 
pumping two dissimilar solutions over a non-permeable membrane while a potential is 
applied to the anode and cathode, causing the reduction and oxidation reactions to occur 
as shown in Figure 4. More specifically, both half-cell electrolyte solutions are stored in 
separate tanks to preserve charge integrity. The solutions are then pumped through or 
over inert electrodes on which electrochemical potentials are imposed to reduce or 
oxidize the solution. The two solutions are kept separate within the cell by an ion 
exchange membrane, which allows ions to permeate through but not the solutions [20, 
27]. The electrochemical reactions that occur at each electrode and the energy that can be 






Figure 4: Schematic depiction of a redox flow battery. 
 
The Gibbs free energy relation is used to establish the standard reduction potential 
of a reversible electrochemical reaction in a RFB cell that is operated at constant 
temperature and pressure. The relationship is shown via Equation 1: 
Δ =  −       (1) 
Where Δ  is the change in Gibbs free energy, n is the number of electrons transferred in 
the reaction, F is the Faraday constant and  is the standard reduction potential, which is 
measured against the standard hydrogen electrode (SHE).  
The Nernst equation can be derived from the Gibbs free energy equation. The 
Nernst equation relates the change in potential of a half-cell to the standard electrode 





∆ = + ln      (2) 
Where  is the half-cell reduction potential,  is the standard half-cell reduction 
potential, R is the universal gas constant, T is the absolute temperature in Kelvin, n is the 
number of electrons transferred in the reaction, F is the Faraday constant,  is the 
activity of the oxidizing species, and  is the activity of the reducing species.  
The Butler-Volmer equation can be derived from the Nernst equation and 
describes how the current density on an electrode is related to the electrode potential via 
anodic and cathodic reactions, as defined in Equation 3: 
= [ −  ]    (3) 
Where  is the electrode current density,  is the exchange current density,  is the 
cathodic charge transfer coefficient,  is the anodic charge transfer coefficient, n is the 
number of electrons transferred in the reaction, F is the Faraday constant,  is the 
overpotential, R is the universal gas constant, and T is the absolute temperature in Kelvin.  
An advantage of RFBs is that the charge is held within the solution rather than the 
electrodes themselves, which allows for an increase in capacity by merely increasing the 
volume of the solutions. Increasing capacity is significantly more expensive and 
complicated in traditional batteries with solid state electrodes, where the electrode size is 
also required to increase. Many RFB systems have been designed and investigated with 
the intention of replacing existing energy storage systems and have had varying degrees 




1.3.1 Iron-chromium RFBs 
 Iron-chromium (Fe-Cr) redox systems were some of the first RFBs studied, and 
were further pursued by NASA in order to incorporate the technology into the power grid 
for electric utility load-leveling [24, 25, 28, 29, 74, 79]. Fe-Cr RFBs utilize a Fe2+/Fe3+ 
redox couple in a hydrochloric acid aqueous solution in the positive electrolyte, while the 
negative electrolyte exploits the Cr2+/Cr3+ redox couple in a hydrochloric acid aqueous 
solution. At the cathode, iron (II) ions are oxidized to iron (III) ions during charging via 
Reaction (4), while the iron (III) ions are reduced to iron (II) ions during discharge via 
Reaction (5): 
→ +    (Charging)   (4) 
+ →    (Discharging)   (5) 
= 0.77    (Charging) 
At the anode, chromium (III) ions are reduced to chromium (II) ions during charging via 
Reaction (6), while the chromium (II) ions are oxidized to chromium (III) ions during 
discharge via Reaction (7):  
+ →    (Charging)   (6) 
 →  +    (Discharging)   (7) 
= −0.41    (Charging) 
Ion exchange membranes have been studied for this system in order to permit the 
transmission of chlorine and hydrogen ions through the membrane while preventing the 
diffusion of chromium and iron ions [80]. Unfortunately, no membrane to date has shown 
to prevent cross contamination, and therefore the capacity of this system will decrease 




therefore electrode surface catalysts were extensively investigated [81-84]. During these 
studies, it was determined that the slow chromium kinetics was caused by the formation 
of Cr(H2O)63+ and Cr(H2O)5Cl2+, which slowed the attainment of equilibrium [14, 81-84]. 
Researchers at NASA concluded that operating the cell at 65˚C allowed the desired 
chromium species to become more electrochemically active, and therefore increased 
battery performance [84]. In addition to the increased performance, the battery was able 
to utilize a mixed solution of chromium and iron species on both positive and negative 
electrolytes [84, 85]. This alleviated the concern of cross contamination, but these results 
were unable to be reproduced at room temperature [84, 85]. Despite the efforts to 
optimize this system, the Fe-Cr RFB has low energy density (~10 Wh/kg), and therefore 
has not made significant market penetration.  
1.3.2 Zinc-bromine RFBs 
Zinc-bromine batteries were first developed and patented by Bradley in 1885, and 
have since become an attractive energy storage technology [86]. Commercialization of 
this system was prevented by early complications with dendrite formations and the high 
solubility of bromine, which allowed diffusion into the opposing half-cell and reacted 
with the zinc electrode [75]. By the 1970s, Exxon and Gould overcame the initial 
difficulties and the current systems are based on their achievements [75]. At the cathode, 
bromide ions are oxidized to bromine during charging via Reaction (8), while bromine is 
reduced to bromide ions during discharging via Reaction (9): 
2 → + 2    (Charging)   (8) 




= 1.087    (Charging) 
Zinc is deposited at the anode during charging via Reaction (10) while zinc is removed 
during discharging via Reaction (11): 
+ 2 →    (Charging)   (10) 
→ + 2    (Discharging)   (11) 
= −0.76    (Charging) 
Complexing agents, such as N-methyl-N-ethyl-morpholinium bromide (MEMBr) 
and N-methyl-N-ethyl-pyrrolidinium bromine, have been employed in order to prevent 
the solubility of bromine causing migration and thereby self-discharging the cell [75-78, 
83, 85]. Thus, the above reactions are simplified representations of a much more 
complicated electrochemical process. Zinc deposition is a solid-state process as opposed 
to an electrochemical charge transfer solely within electrolytes. Therefore, the total 
energy available for this system is limited by the total surface area of the electrode and is 
consequently referred to as a hybrid RFB [75, 83, 85]. Carbon paper and carbon felt 
electrodes are generally used to increase the surface area, but as the cell is cycled, 
oxidation of the carbon surface occurs and diminishes the capacity of the cell [83]. 
Additional disadvantages of the zinc-bromine RFBs include dendrite formation caused by 
zinc deposition, and corrosion associated with the use of bromine [83]. Liquid and 
gaseous bromine is hazardous if contacted physically or inhaled and therefore needs to be 
managed properly to avoid injury. However, the inclusion of bromine complexing agents 
greatly reduces the chemical reactivity and evaporation rates, which subsequently 




bromine RFBs have been widely developed and commercially produced due to their high 
energy density (65-75 Wh/kg), energy efficiency (73%), and low reactant costs [75]. 
1.3.3 Vanadium RFBs 
One of the most heavily studied RFBs is the vanadium redox flow battery 
(VRFB) which employs two similar solutions of vanadium sulfate and utilizes the 
multiple oxidation states of vanadium as the charge/discharge species [4, 18, 19, 21, 23, 
31, 32, 35, 37-42, 45, 47-52, 54-62, 65-69, 72, 73, 87-94]. Vanadium redox couples were 
first studied using cyclic voltammetry (CV) by researchers at NASA in the 1970s [79]. 
The first VRFB was designed by Skyllas-Kazacos et al. at the University of New South 
Wales (UNSW) in 1985. This VRFB was able to overcome the previously reported 
difficulty of cross-contamination through the ion exchange membrane associated with 
alternative forms of RFBs [58]. As opposed to classical RFBs, when the solution 
crossover occurs in VRFBs, the system can be remixed and brought back to its initial 
state, which is not possible with dissimilar solutions.  
Each of the four adjacent oxidation states of vanadium has a distinct associated 
color: V2+ is violet, V3+ is green, V4+ is blue and V5+ is yellow. The different oxidation 
states of vanadium in water at 298K are depicted in the Pourbaix diagram in Figure 5 [3]. 
At a pH of 1.4-3.0 and a potential above 1.0V, the solubility of vanadium reaches a 
minimum by forming solid V2O5 [3]. Preventing the precipitation of V2O5 is important 
because it reduces the amount of active material available for charging and discharging 





Figure 5: Pourbaix diagram of vanadium in water at 298K, with the vanadium species 
activity at 10-2. As the pH and potential increases, oxyanion species are abundant [3]. 
Reprinted with permission from Thermodynamics of vanadium–sulfur–water systems at 
298K by Xuejiao Zhou et. al, 2011, Hydrometallurgy, 106, p. 104-112. [3] 
 
In order to charge and discharge the VRFB, the negative half-cell utilizes the 
V2+/V3+ redox couple while the V4+/V5+ redox couple is used at the positive half-cell. At 
the cathode, vanadium (IV) ions are oxidized to vanadium (V) ions during charging via 
Reaction (12), while the vanadium (V) ions are reduced to vanadium (IV) ions during 
discharge via Reaction (13):  
+  →  + 2 +   (Charging)    (12) 
+ 2 +  →  +    (Discharging)    (13) 
= 1.00    (Charging) 
At the anode, vanadium (III) ions are reduced to vanadium (II) ions during charging via 
Reaction (14), while the vanadium (II) ions are oxidized to vanadium (III) ions during 




+ →    (Charging)   (14) 
 →  +    (Discharging)   (15) 
= −0.26    (Charging) 
Many studies have been designed with the intention of improving the vanadium 
electrolyte for increased capacity, efficiency and solubility [4, 5, 40, 41, 45, 51, 54, 57, 
58, 60-62, 72]. These studies have been motivated by the low specific energy density 
associated with VRFBs (20-30 Wh/kg) compared to some other energy storage 
technologies [83]. Generally, in order to increase the energy density the concentration can 
be increased. Unfortunately, the precipitation of V2O5 occurs when the concentration is 
greater than 2M even with the inclusion of additives [5, 30, 45, 72]. Thermal stability 
experiments were conducted by Skyllas-Kazacos et al. in 1996 for multiple 
concentrations at elevated temperatures which concluded that 3 M and 5.4 M are stable at 
40˚C and 50˚C, respectively [60]. The stability of the vanadium electrolyte is influenced 
by a multitude of factors: temperature, supporting electrolyte concentration, additives, 
and state of charge. The complexity of this system has resulted in limited success to 
improve the solubility of vanadium [83].  
Another setback for the VRFB system was the quick degradation of common 
commercially available ion exchange membranes and the positive electrode due to the 
highly oxidative V5+ ions [21, 50, 55]. Studies conducted by Skyllas-Kazacos et al. 
demonstrated that most commercially available ion exchange membranes degraded in 
solution and could not provide long term solution separation [50, 64]. New Selemion and 
Nafion membranes are examples of the only membranes capable of withstanding the 




that are stable in vanadium solution, much research has been devoted to altering existing 
membranes to increase their stability and ionic conductivity [27, 30, 31, 36-38, 48-50, 64, 
80, 88, 90, 95, 96].  
V5+ ions also oxidize the cathode which causes design limitations for electrode 
materials. Almost all electrode material in VRFB systems consist of carbon products due 
to their inert nature, and many experiments have been conducted to investigate improving 
their properties [33-35, 43, 44, 46, 48, 53, 55, 63, 65-67, 69-71, 89, 93, 94].  Carbon 
paper and carbon felt are the most commonly utilized electrodes and are continuously 
examined for improving the surface activity and surface area [33, 43, 46, 53, 63, 71]. By 
increasing the surface area of the electrode, the activation area increases and therefore 
increases k. Although carbon electrodes are stable in the vanadium electrolyte and 
provide high electrical conductivity, the cost of the VRFBs significantly increase with 
their inclusion.  
 In 1987, Skyllas-Kazacos and Grossmith published “Efficient Vanadium Redox 
Flow Cell” in the Journal of the Electrochemical Society, which was one of the first 
publications on VRFB systems [4]. In this study, the electrolyte prepared varied from 0.1 
M to 2 M vanadyl sulfate (VOSO4) in 2 M H2SO4, with both positive and negative 
electrolytes being the same solution. The designed cell employed two carbon felt 
electrodes and a polystyrene sulfonic acid cation selective membrane. In order to validate 
the cell design and the integrity of the membrane, the cell was charged up to 2.4 V, and 




the OCP remained constant at 1.3 ± 0.05 V, which demonstrated that there was negligible 
self-discharge due to diffusion through the membrane.  
 The positive electrolyte volume was double that of the negative electrolyte and 
charged before cycling the cell. This experimental procedure was used to prevent the 
overcharging of the positive half-cell, because in order to fully charge the negative 
electrolyte, twice the number of coulombs are required compared to the positive 
electrolyte. Once a complete charge had been established, the additional electrolyte was 
removed so that the volumes of both positive and negative electrolytes were equal, and 
cycling was initiated.  
 A cyclical experiment was conducted using an electrolyte containing 1.5 M 
VOSO4 in 2 M H2SO4, with an electrode area of 90 cm2, charged at 40 mA/cm2 up to 2.0 
V and discharged at a varying current and voltage. This was compared to a cyclical 
analysis in which the electrolyte contained 0.5 M VOSO4 in 2 M H2SO4, with an 
electrode area of 90 cm2, charged at 15 mA/cm2 up to 2.4 V and discharged at a varying 
current and voltage where the average discharge current density was 6 mA/cm2. From 
these studies, it was concluded that the majority of coulombic efficiency loss was a result 
of diffusion across the membrane. It was determined that several factors can affect the 
diffusion across the membrane. If there is no electrolyte flow, then a concentration 
polarization would occur across the membrane and a decrease in self-discharge would 
result. Charging and discharging at low current densities yields longer charge and 
discharge time which increases the time available for diffusion. The state of charge will 




and therefore would exhibit different permeation rates through the membrane. The 
cycling behavior and efficiency of the reported experiment are compared to the results 
obtained in this work in Chapter 4. 
In 2011 Li et al. reported a new VRFB system that used mixed sulfate and 
chloride electrolyte [5]. In this system, a mixed solution containing 2.5 M V4+, 2.5 M 
SO42- and 6 M Cl- was utilized and the electrochemical properties were compared to a 
standard electrolyte solution of 1.5 M V4+ and 5 M SO42-. A large concern with an 
electrochemical system that employs Cl- is the formation of chlorine gas. The standard 
potential for the chlorine reaction 2 − 2 →    is 1.36 V, while the standard 
potential for the vanadium V (IV) ion reaction +  →  + 2 +  is 
1.00 V. Therefore the oxidation of V (IV) ions should occur prior to the oxidation of Cl-. 
CV tests confirmed that chlorine gas evolution was not present under 1.5 V. The authors 
hypothesized that chlorine would stabilize all four V2+, V3+, V4+ and V5+ cations, while 
the most important cation to stabilize is V5+ since it forms insoluble V2O5. The formation 
of soluble VO2Cl(H2O)2 was predicted using the Amsterdam Density Functional (ADF) 
program, and later confirmed through nuclear magnetic resonance (NMR) [5]. The 
VO2Cl(H2O)2 complex started to form at ~20˚C, which was evidenced through the use of 
nuclear magnetic resonance, where a rise in the chemical shift and line width of the 
vanadium spectra was observed [5]. The proposed cathodic reactions for the mixed 
sulfate-chloride electrolyte are given by Reaction (16) and (17): 
+ +  →  + 2 +   (Charging)   (16) 




The proposed anodic reactions for the mixed sulfate-chloride electrolyte are given by 
Reaction (18) and (19): 
+ →    (Charging)   (18) 
 →  +    (Discharging)   (19) 
The mixed electrolyte was utilized in a single 10 cm2 active area cell and charged 
to 1.7 V at 50 mA/cm2, and discharged at 25 to 100 mA/cm2 down to 0.8 V. The 
construction of the flow cell consisted of two graphite felt electrodes, two 
polytetrafluoroethylene (PTFE) gaskets and a Nafion 117 ion exchange membrane. The 
positive and negative electrolytes contained 50 mL of solution each and had a fixed flow 
rate of 20 mL/min. The cycling behavior and efficiency of the reported experiment are 
compared to the results obtained in this work in Chapter 4.  
In 2014, Di Blasi et al. experimented with treating carbon paper and carbon felt 
electrodes utilized in a single cell VRFB and three cell VRFB [6]. During 
experimentation, a vanadium electrolyte solution containing 1 M VOSO4 in 4 M H2SO4 
was used for both positive and negative half-cells. The cell design was comprised of two 
graphite flow fields with an active area of 25 cm2, two carbon paper or carbon felt 
electrodes, and a Nafion 117 ion exchange membrane. The chemical treatment process 
for the carbon paper and carbon felt consisted of an acid treatment in 68% wt. nitric acid 
at 115˚C for 2 hours. The samples were subsequently washed with bidistilled water and 
then vacuum dried at 60˚C for 1 hour.  
Prior to conducting charge and discharge analysis, the electrolyte solutions were 




polarization, the solutions were equalized to 50 mL in the single cell VRFB and to 150 
mL in the three cell VRFB. The solutions were pumped at a volumetric flow rate of 30 
mL/min in the single cell VRFB and 120 mL/min in the three cell VRFB while at room 
temperature (20˚C). In order to mitigate the oxidation of V2+ ions, the cathodic electrolyte 
tank was purged constantly with nitrogen gas. In order to discharge the cell, a 
galvanostatic current density of 20, 40 or 60 mA/cm2 was applied until the cell potential 
reached 0.8 V per cell. During the charging process, the cell was galvanostatically 
charged at 20, 40 or 60 mA/cm2 until the cell potential reached 1.8 V per cell and then a 
potentiostatic charge of 1.8 V per cell was applied until the current density of the cell 
reached 4 mA/cm2. After the experiments were conducted, it was concluded that the 
treated carbon felt underperformed the untreated carbon felt, which may have been 
attributed to corrosion by the chemical treatment. Antithetically, the treated carbon paper 
outperformed the untreated carbon paper, where the energy efficiency increased from 
67% to 72% while a current density of 60 mA/cm2 was applied. Cyclical performance 
and efficiencies associated to the untreated samples of the reported experiment are 
compared to results of this work in Chapter 4. 
1.4 Quinones 
A quinone is a class of organic compounds found in plants, fungi, bacteria, 
arthropods and echinoderms [97]. These compounds exist in biological electron transfer 
chains and are therefore located in the membranes of mitochondria and chloroplasts [98]. 
Quinones have become increasingly popular for batteries due to their exclusion of metal 




102]. Anthraquinones are the largest subcategory of the quinone family and can be found 
in plants, fungi and lichens. Anthraquinones have historically been the most important of 
the quinone family due to their efficacy in chemistry, biochemistry and pharmacology 
[98, 103]. Anthraquinone-2-sulfonic acid (AQS) and anthraquinone-2, 6-disulfonic acid 
(AQDS) have been used in several electrochemical systems where their redox couples 
have been utilized in negatively charged electrolytes [7, 8, 99, 100]. The redox couple of 
AQDS is characterized by the chemical structure transition depicted in Figure 6 and by 
Reaction (20) and (21): 
+ 2 + 2 →     (Charging)      (20) 
→ + 2 + 2   (Discharging)   (21) 
= 0.228    [104] (Charging) 
 
Figure 6: Chemical structure transition of AQDS to H2AQDS redox reaction. 
 
 In January 2014, Huskinson and Marshak et al. reported on the performance 
characteristics of a RFB utilizing an aqueous solution of anthraquinone-2, 7-disulfonic 
acid as the negative electrolyte and a bromine solution as the positive electrolyte [7, 99]. 
The cell construction was comprised of two circular aluminum endplates, two 3” x 3” 
pyrolytic graphite blocks with a serpentine flow pattern used as current collectors and 
twelve pretreated 2 cm2 Toray carbon paper electrodes, stacked six on each side. The 




isopropyl alcohol followed by a soak in 50˚C mixture of undiluted sulfuric acid and nitric 
acid in a 3:1 volumetric ratio for five hours. A Nafion 212 membrane was utilized as the 
ion exchange membrane and poly-tetrafluorothylene gaskets were used to seal the cell. 
Prior to installation of the Nafion membrane, the following pretreatment procedure was 
used: (1) immersion in 85˚C deionized (DI) H2O for 15 minutes, (2) immersion in 5% 
H2O2 for 30 minutes, (3) rinsed with DI H2O, (4) ion-exchanged twice in 0.05 M H2SO4 
for 30 minutes each, and (5) rinsed in DI H2O four times for 15 minutes each. The cell 
was kept at elevated temperatures by employing a hot plate and wrapping the cell in a 
proportional integral derivative (PID) –controlled heating element.  
 In this study, the negative electrolyte consisted of 120 mL of 1 M AQDS in 1 M 
H2SO4 and the positive electrolyte contained 120 mL of 3 M HBr and 0.5 M Br2. At the 
cathode, bromide ions are oxidized to bromine during charging via Reaction (22) while 
bromine is reduced to bromide ions during discharging via Reaction (23): 
2 → + 2 + 2     (Charging)      (22) 
+ 2 + 2 → 2   (Discharging)   (23) 
At the anode, the AQDS is reduced to 1, 8-dihydroxy-9, 10-anthraquinone-2, 7-disulfonic 
acid (DHAQDS) during charging via Reaction (24) while DHAQDS is oxidized to 
AQDS during discharging via Reaction (25): 
+ 2 + 2 →     (Charging)      (24) 
→ + 2 + 2   (Discharging)   (25) 
The solutions were circulated through the cell at a volumetric flow rate of 120 mL/min 
and galvanostatically charged at 500 mA/cm2 to 1.5 V and subsequently galvanostatically 




 From the experiments conducted on this system it was concluded that the AQDS 
utilized had a transfer coefficient α = 0.474, which is close to the ideal value of a 
completely reversible electrochemical reaction (α = 0.5). The experimental reduction 
potential of DHAQDS was found to be 118 mV and was 95 mV lower than the AQDS, 
which would result in an 11% increase in cell potential. The DHAQDS was found to have 
faster reduction kinetics which the authors attributed to the intramolecular hydrogen 
bonding of the –OH to the ketone. From these results, it is expected that use of DHAQDS 
increases cell potential, performance and energy density. The cycling behavior and 
efficiency of the reported experiment are compared to the results obtained in this work in 
Chapter 4. 
 In 2014, Yang et al. demonstrated the first aqueous RFB that employed metal-free 
organic redox couples at both electrodes, which they defined as an organic redox flow 
battery (ORBAT). At the positive electrode, a solution of 0.2 M 1, 2-benzoquinone- 3, 5-
disulfonic acid (BQDS) in 1 M H2SO4 was utilized, while at the negative electrode a 
solution of 0.2 M AQS in 1 M H2SO4 or 0.2 M AQDS in 1 M H2SO4 was used. The flow 
cell constructed utilized two graphite end plates with an active area of 25 cm2 and a 
membrane electrode assembly (MEA). The MEA was fabricated using two sheets of 
Toray carbon paper coated with a solution of 0.1 g of Vulcan XC-72 carbon black and 0.3 
g of Nafion which were hot pressed to a Nafion 117 membrane. The solutions were 
circulated at a volumetric flow rate of 0.5 – 1.0 L/min, maintained at 23˚C, and enclosed 
in glass containers constantly purged with argon to avoid reactions with oxygen. At the 




during charging via Reaction (26) while BQDS is reduced to DHBQDS during 
discharging via Reaction (27): 
 → + 2 + 2     (Charging)      (26) 
+ 2 + 2 →     (Discharging)     (27) 
= 0.85    
At the anode, AQS is reduced to 9, 10-dihydroanthraquinone-2-disulfonic acid (DHAQS) 
during charging via Reaction (28) while DHAQS is oxidized to AQS during discharging 
via Reaction (29): 
+ 2 + 2 →     (Charging)      (28) 
→ + 2 + 2   (Discharging)   (29) 
= 0.09    
 CV measurements were conducted on AQDS, AQS, and BQDS to determine the 
preferred electrolyte species. The CV studies for BQDS showed accelerated oxidation 
while the reduction was slower, which was consistent with the hydration process 
associated with the conversion of DHBQDS to BQDS reported in other works. From the 
CV measurements of AQDS, it was determined that AQDS was less kinetically reversible 
compared to AQS due to the oxidation and reduction peak separations.  
 After conducting 12 cycles of galvanostatically charging and discharging the 
BQDS/AQS system at 200 mA with a flow rate of 0.5 L/min, it was determined that the 
quinones were chemically stable and capacity degradation was negligible. The 
BQDS/AQDS system showed similar results, but since the solubility limit of AQDS is 




The cycling behavior and efficiency of the reported experiment are compared to the 
results obtained in this work in Chapter 4. 
The focus of this thesis is to evaluate the effect of the addition of AQDS to both 
positive and negatively charged electrolytes of a VRFB. Chapter 2 describes the 
construction of the cell, preparation and containment of the electrolyte solutions, 
activation of carbon paper electrodes and the Nafion membrane, and the electrochemical 
characteristics applied to the cell. Chapter 3 discusses the effect of AQDS in regards to 
cyclical performance by evaluating the cycle durations, capacities and efficiencies. 
Chapter 4 compares these results to those obtained in previous related studies. Chapter 5 














Chapter 2: Materials and Methods 
 
2.1  Development of Experimental Protocol 
Many obstacles were encountered during the progression of cell construction and 
electrochemical analysis of the VRFB. During preliminary investigations, a Nafion 212 
ion exchange membrane (Du Pont, 50.8 µm thick) was utilized between two carbon paper 
electrodes (Sigracet GDL 34AA, 280 µm thick) with two Teflon spacers which insulated 
the two graphite plates from each other. The initial experimental protocol did not yield 
satisfactory results, which are presented in Chapter 3, and therefore investigations into 
this incident commenced.   
While investigating the cause of the malfunction, the Nafion 212 ion exchange 
membrane was examined through micrographs obtained at 5x magnification using a 
Leica MC170 HD optical microscope. The optical microscope utilized can be observed in 
Figure 7 and the images of the Nafion membrane before installation into the cell and after 
usage in cyclical analysis can be observed in Figure 8. The image of the Nafion 
membrane after being used for cyclical analysis depicts chemical attack by the vanadium 
electrolyte. In order to prevent cross contamination from the membrane being 
compromised by chemical attack, a thicker Nafion 117 membrane was installed in all 





Figure 7: Leica MC170 HD optical microscope used to capture images of the Nafion ion 
exchange membrane and carbon paper electrodes. 
 
Figure 8: Left: Nafion membrane after activation and before installation into cell. Right: 
Nafion membrane after cycle analysis was conducted which shows large gashes from 
chemical attack by the vanadium electrolyte. Both images were obtained by a Leica 
MC170 HD optical microscope at 5x magnification. 
 
 Due to continued failures after installing the Nafion 117 membrane, the carbon 
paper electrodes were examined under the optical microscope to determine if any 




be observed in Figure 9. From the images obtained using an optical microscope, there 
were no structural differences observed between the electrode before installation and the 
electrode utilized in cyclical electrochemical analysis. It was therefore hypothesized that 
the electrode material was not allowing permeation of the electrolyte to the ion exchange 
site. Consequently, the Sigracet GDL 34AA carbon paper electrodes were replaced for all 
subsequent experiments by Sigracet GDL 35AA carbon paper electrodes, which had a 
higher air permeability of 170 cm3/(cm2·s) compared to 45 cm3/(cm2·s).  
 
Figure 9: Left: Carbon paper electrode after activation and prior to utilization in the cell. 
Right: Carbon paper electrode after cycle analysis was conducted. No structural 
differences were observed between the two images. Both images were obtained by a 
Leica MC170 HD optical microscope at 5x magnification. 
 
After incorporating the new electrodes and Nafion membrane, it was observed 
that the cell would occasionally leak solution from the base of the assembly as seen in 
Figure 10. The vanadium electrolyte that leaked from the cell assembly would 
circumvent the intended activation sites, causing a precipitate to form which eventually 
caused the battery to short. During these experiments the negative electrolyte storage 




excess gas could escape. Since it was deemed unnecessary to purge the positive 
electrolyte, a one-way valve had not been installed on the positive electrolyte storage 
container. This became problematic at potentials greater than or equal to 1.5 V due to the 
evolution of hydrogen gas.  The evolved hydrogen gas caused increased pressure within 
the cell and subsequently resulted in electrolyte escaping the assembly. The leaked 
solution created an electrical pathway across the graphite plates and consequently 
decreased cycle duration, capacity and efficiency of the cell. Once a one-way valve was 
installed on the positive electrolyte storage container, the solution was maintained within 
the system. After all the aforementioned complications were remedied, cyclical 
electrochemical analysis was initiated utilizing the protocols stated in sections 2.2 and 
2.3. 
 






2.2  Cell Construction 
In this work an ElectroChem FB-25-02 flow battery with 25 cm2 serpentine flow 
pattern was utilized, as shown in Figure 11. Two 40.3 cm2 carbon paper electrodes 
(Sigracet GDL 35AA, 300 µm thick) were installed on both anode and cathode graphite 
plates. Activation of the carbon paper electrodes was accomplished by baking at 400˚C 
for 30 hours in an atmospheric furnace. A 103.2 cm2 Nafion 117 ion exchange membrane 
(Du Pont, 183 µm thick) was installed between the two carbon paper electrodes. The 
Nafion ion exchange membrane was activated using the following four step submersion 
process, all of which occurred at 85˚C: 1) 3% by volume H2O2 in deionized (DI) H2O for 
1 hour 2) DI H2O for 1 hour 3) 1 M H2SO4 in DI H2O for 1 hour 4) DI H2O for 1 hour 
[95, 96]. Both anode and cathode plates were insulated from each other using Teflon 
sheets with a 25 cm2 square cut in the center to allow the carbon paper electrodes to 
facilitate charge transfer. The solution was pumped at a constant volumetric flow rate of 
30 ml/min at room temperature (25˚C) using an Ismatec 78017-00 peristaltic pump with 
Tygon E-LFL (0.178 in outside diameter) tubing. Both anodic and cathodic electrolytes 
were stored in sealed glass containers, shown in conjunction with the fully assembled cell 
in Figure 12. The negatively charged electrolyte was purged with nitrogen gas for 5 
minutes prior to polarization and a one way valve maintained pressure at 1 atm during 
cycling. The flow cell battery was controlled by an Arbin BT2000 which charged and 





Figure 11: Diagram of cell stack up where A is the current collectors, B is the serpentine 
embedded graphite plates, C is Teflon spacers, D is the carbon paper electrodes and E is 
the Nafion ion exchange membrane. 
 






Figure 13: Arbin BT2000 test station used to conduct cyclical analysis and obtain 
performance metrics on batteries. 
 
2.3  Chemical and Electrochemical Procedures 
1M VOSO4 (97% wt. VOSO4 ·xH2O, Spectrum Chemical Manufacturing 
Corporation) dissolved in 2 M H2SO4 served as the vanadium electrolyte in this work. 
Deionized water was used throughout the study. Prior to examining the cyclical behavior 
of the VRFB, the solutions were anodically polarized in the negative electrolyte and 
cathodically polarized in the positive electrolyte using the following procedure. The 
solutions were continuously pumped through the cell while a galvanostatic polarization 
of 200 mA (4.96 mA/cm2) was applied until the cell potential reached 1.7 V, followed by 
100 mA (2.48 mA/cm2) until the cell reached 1.75 V and finally 50 mA (1.24 mA/cm2) 




considered as an indication of a “full charge.” The positive and negative electrolyte 
volumes were in a 2:1 ratio during polarization in order to ensure the formation of V2+ in 
the negative electrolyte. Formation of the V2+ oxidation state is confirmed by visual 
inspection of the color [32, 47]. Each of the four oxidation states of vanadium have 
distinct colors: V(II) is violet, V(III) is green, V(IV) is blue and V(V) is yellow [32, 47]. 
Once the polarization process reached 1.8 V, half of the positive electrolyte was removed 
and cyclical experimentation was initiated. When conducting AQDS enhanced 
experiments, AQDS was incorporated into both electrolytes to achieve a concentration of 
1 mg/ml (2.42 mM) before cycling commenced.  
Electrochemical analysis was conducted using an Arbin BT2000 via galvanostatic 
charging and discharging. After polarization, cycling began with charging via a step 
function in current and discharging at a constant current. All cycling was conducted at 
room temperature (25˚C). Electrolytes were being pumped at a flow rate of 30 ml/min 
and kept at a maximum of 1 atm pressure. The cycling process started with charging 
which was identical to the polarization procedure previously described. The cell was 
galvanostatically discharged at 50mA until the cell reached 0.8 V immediately after 








Chapter 3: Results 
While conducting the cyclical electrochemical procedure defined in the previous 
section on the initial experimental protocol discussed in section 2.1, the cycle duration of 
an AQDS-free control experiment degraded significantly. By the 5th cycle, charging and 
discharging occurred over a time interval of several seconds which can be observed in 
Figure 14. Given the flowrate and volume of the electrolyte, the cell was not adequately 
polarizing the solution and it was concluded that the cell had shorted. Consequently, 
investigations into material selection and component installation were conducted to 
determine the cause of the malfunction, which was presented in section 2.1. All 
subsequent results utilize the cell construction defined in section 2.2 and the chemical and 
electrochemical procedures defined in section 2.3. 
 
Figure 14: Ten cycles of the AQDS-free control experiment. The cycle duration after the 




Figures 15 and 16 illustrate the cycling behavior of the AQDS-free control 
experiment and the AQDS enhanced VRFB, respectively. The parabolic response from 
the stepwise galvanostatic input is prevalent in both experiments, which indicates no 
secondary reactions are occurring when AQDS is added. Figure 17 depicts the duration of 
each cycle of both the control experiment and the AQDS enhanced VRFB. It is apparent 
from Figure 17 that the AQDS has decreased the overall cycling duration beyond the first 
cycle. The duration for the first and second charge from the AQDS-enhanced system are 
greater than the last 3 cycles due to the system acclimatization to the addition of the 
AQDS. When the AQDS is added, the cell preferentially charges the AQDS due to its 
lower standard potential resulting in an increase in the charge time of those cycles. From 
the third cycle onward, the percent difference between each cycle of the control and 
AQDS enhanced system is 18%. Figure 18 depicts the charging and discharging 
durations per cycle. The charging duration for the control experiment averaged 24 hours 
with a degradation rate between cycles of approximately 4%. Discharging rates for the 
control experiment averaged 8.1 hours with a degradation rate between cycles of 
approximately 6.5%. The AQDS-enhanced system had an average charge time of 21.1 
hours with a degradation rate of approximately 0.8% per cycle over the last 3 cycles. The 
discharge time for the AQDS system averaged 6.9 hours with a degradation rate of 0.22% 
per cycle over all five cycles. Thus, it is observed that the addition of AQDS to the VRFB 
system significantly decreases the overall cycle duration while maintaining a lower 





Figure 15: Five cycles of the AQDS-free control experiment. The step function output is 
the applied current which results in a parabolic response in cell voltage over time.   
 
Figure 16: Five cycles of AQDS enhanced VRFB. The step function output is the applied 
current which results in a parabolic response in cell voltage over time. The parabolic 






Figure 17: Comparison of cycle duration between the AQDS-free control and AQDS 
enhanced VRFB. Upon addition of AQDS, the system acclimates to the new active 
material, which causes the increased cycle duration on the first cycle. By the third cycle, 
the system adapts to the addition of the AQDS. 
 
Figure 18: Charge and discharge times for AQDS-free control experiment and AQDS 
enhanced VRFB per cycle. The increase in cycle duration in the AQDS system is 
attributed to the increase in charge time caused by the cell being required to charge more 
active material. The discharge durations for the AQDS system are largely consistent, 




The charge and discharge capacities were analyzed with respect to each cycle and 
the associated efficiencies are provided in Table 1. The efficiency of the control 
experiment decreases over the five cycles while the efficiency of the AQDS system 
increases. It is proposed that the increase in efficiency is a result of the stable discharge 
times while the charge duration decreased in each subsequent cycle. 
Table 3: Charge and discharge capacities and efficiencies for five cycles of the AQDS-
free control and the AQDS enhanced system. The energy efficiency of the AQDS-free 
control experiment illustrates a consistent capacity decrease over the five cycles, while 
the efficiency of the AQDS enhanced system increases.  




Capacity Efficiency (%) 
Control 
   
1 0.875 0.4633 52.92 
2 1.201 0.4301 35.81 
3 1.149 0.4021 34.99 
4 1.088 0.3764 34.59 
5 1.059 0.3548 33.50 
AQDS 
   
1 0.982 0.3470 35.35 
2 0.893 0.3619 40.51 
3 0.805 0.3465 43.02 
4 0.810 0.3465 42.76 










Chapter 4: Discussion 
In order to better comprehend the impact of the addition of AQDS to a VRFB 
system, in regards to the field of VRFB research, several studies are compared and 
contrasted to this work. The first study to be analyzed in this regard is “Efficient 
Vanadium Redox Flow Cell” by Skyllas-Kazacos and Grossmith [4]. Skyllas-Kazacos 
and Grossmith used an active electrode area of 90 cm2 and charged the electrolyte 
containing 1.5 M VOSO4 in 2 M H2SO4 at 40 mA/cm2 to 2.0 V in ~3 hours [4]. In the 
control experiment of this thesis an active electrode area of 40.3 cm2 was utilized to 
charge the electrolyte of 1.0 M VOSO4 in 2 M H2SO4 at an average 1.677 mA/cm2 to 1.8 
V in an average of 15.92 hours [4]. The work presented in this thesis utilized 33% less 
active species in the electrolyte, and ~23 times lower current density than the study 
presented by Skyllas-Kazacos and Grossmith while only increasing the charge time by a 
factor of ~5.3. While inspecting the charge and discharge curves of their experiment, 
shown in Figure 19, the cell potential during discharge remained relatively high, which is 
preferred for any battery system. The charge curve depicts an exponential-like increase in 
potential during the last phase of charging, which is characteristic of VRFB systems. 
Skyllas-Kazacos and Grossmith stated that the charge-discharge cycle efficiency was 





Figure 19: Charge (A) and discharge (B) curves for "Efficient Vanadium Redox Flow 
Cell” by Skyllas-Kazacos and Grossmith. The charge curve is characteristic of all VRFB 
systems, while the discharge curve maintains a relatively high potential throughout the 
duration, which is preferred for all battery systems. Reprinted with permission from 
"Efficient Vanadium Redox Flow Cell” by Skyllas-Kazacos and Grossmith, December 
1987, Journal of Electrochemical Society, p. 2950-2953 [4]. 
 
 The second study to be analyzed is “A Stable Vanadium Redox-Flow Battery with 
High Energy Density for Large-Scale Energy Storage” by Li et al. [5]. In this study, the 
authors used a solution containing 2.5 M V4+, 2.5 M SO42- and 6 M Cl- and compared the 
electrochemical properties to a standard vanadium electrolyte solution of 1.5 M V4+ and 5 
M SO42-. The addition of chlorine was hypothesized by the authors to provide stability to 
the V5+ cations in the mixed electrolyte. In this thesis, the addition of 2.42 mM AQDS 
provided electrochemical stability to a vanadium electrolyte solution containing 1 M 
VOSO4 in 2 M H2SO4. In the work by Li et al. [5], CV scans of the mixed electrolyte 
solution depict multiple peaks during oxidation, which indicates secondary reactions as 
shown in Figure 20. The authors conclude that due to the peak currents of the mixed 
solution being higher than the standard solution, the mixed solution provides faster 





Figure 20: CV of a mixed solution of 2.5 M V4+, 2.5 M SO42- and 6 M Cl- compared to a 
standard vanadium electrolyte solution of 1.5 M V4+ and 5 M SO42- from “A Stable 
Vanadium Redox-Flow Battery with High Energy Density for Large-Scale Energy 
Storage” by Li et al. The authors conclude that the higher peak currents associated to the 
mixed solution indicate faster electrode reaction kinetics compared to the standard 
vanadium solution. Reproduced with permission from “A Stable Vanadium Redox‐Flow 
Battery with High Energy Density for Large‐Scale Energy Storage” by Li et. al, 2011, 
Advanced Energy Materials, 1(3), p. 394-400 [5]. 
 
 Li et al. [5] demonstrated that the mixed solution maintained coulombic 
efficiency over a range of temperatures and could remain above 95% efficient over 50 
cycles at 25˚C, as shown in Figure 21. The efficiencies presented in this thesis are 
significantly lower than those obtained in the work by Li et al. [5] However, if the AQDS 
were added to a system which demonstrated higher efficiencies, then the efficiency 
should still increase. When Li et al. compared the efficiencies of 2.5 M and 3.0 M 
vanadium sulfate with 6 M Cl- to an electrolyte containing 1.6 M vanadium sulfate, the 
columbic efficiency was greater for the solutions containing the mixed electrolyte by 1-




in this thesis was on average ~7.6% greater with the inclusion of AQDS, which 
demonstrates that AQDS has a greater effect on electrolyte kinetics and efficiency than 
the inclusion of chlorine. 
 
Figure 21: Left: The efficiency of the mixed solution over 50 cycles at 25˚C. Right: 
Efficiency of the mixed solution over varying temperatures. Efficiencies over 95% were 
reported for over 50 cycles at varying temperatures. Reproduced with permission from 
“A Stable Vanadium Redox‐Flow Battery with High Energy Density for Large‐Scale 
Energy Storage” by Li et. al, 2011, Advanced Energy Materials, 1(3), p. 394-400 [5] 
 
 In a study titled “Charge-discharge performance of carbon fiber-based electrodes 
in single cell and short stack for vanadium redox flow battery” by Di Blasi et al. [6] the 
effects of nitric acid treated carbon paper electrodes were evaluated based on 
electrochemical performance [6]. Di Blasi et al. used an active electrode area of 5 cm2 to 
charge a solution of 1 M VOSO4 in 4 M H2SO4 at 20 mA/cm2 to 1.8 V as compared to 
the control experiment of this thesis in which an active electrode area of 40.3 cm2 was 
utilized to charge the electrolyte of 1.0 M VOSO4 in 2 M H2SO4 at an average 1.677 
mA/cm2 to 1.8 V [6]. The charge-discharge curves associated to the treated and untreated 




electrodes performed better than the untreated electrodes when charged at 20 mA/cm2, 40 
mA/cm2 and 60 mA/cm2 which was demonstrated by an increase in energy efficiency of 
7%, 7% and 9%, respectively. The increase in efficiency they demonstrate is similar to 
the ~7.6% efficiency increase attributed to the addition of AQDS in this thesis.  
 
Figure 22: The charge-discharge curves for untreated (a) and treated (b) carbon paper 
electrodes from “Charge-discharge performance of carbon fiber-based electrodes in 
single cell and short stack for vanadium redox flow battery” by Di Blasi et al. [6] The 
treated carbon paper electrode experiment increased energy efficiency over the untreated 
experiment by 7%. Reprinted with permission from “Charge–discharge performance of 
carbon fiber-based electrodes in single cell and short stack for vanadium redox flow 
battery” by Di Blasi et. al, 2014, Applied Energy, 125 (2014) p. 114-122 [6]. 
 
Aziz et al. was the first group to establish AQDS as a viable active species for 
utilization in RFB electrolytes [7, 99]. The cell employed 2 M HBr + 0.5 M Br2 as the 
positive electrolyte and 0.1 M AQDS in 2 M H2SO4 as the negative electrolyte for one 
examination and employed 3 M HBr + 0.5 M Br2 and 1 M AQDS in 1 M H2SO4 as the 
positive and negative electrolytes, respectively, for another experiment. The cycling 
behavior of both experiments are shown in Figure 23. The cell containing 2 M HBr + 0.5 
M Br2 and 0.1 M AQDS + 2 M H2SO4 was galvanostatically cycled at 200 mA/cm2 and 
the cell employing 3 M HBr + 0.5 M Br2 and 1 M AQDS + 1 M H2SO4 was 




were shown to be over 99%, which can be partially attributed to the electrodes utilized. 
Prior to cell construction, the authors pretreated the carbon paper electrodes with a nitric 
acid bath which, as demonstrated in a previous study, increases the energy efficiency of 
the cell [6]. In addition to pretreatment of the electrodes, the group utilized six electrodes 
in each half-cell which increases the activation area.  
 
Figure 23: Charge and discharge analysis for (a) 2 M HBr and 0.5 M Br2 as the positive 
electrolyte and 0.1 M AQDS in 2 M H2SO4 as the negative electrolyte charged at 200 
mA/cm2 and (b) 3 M HBr and 0.5 M Br2 as the positive electrolyte and 1 M AQDS in 1 
M H2SO4 as the negative electrolyte charged at 500 mA/cm2 [7]. Reproduced with 
permission from "A metal-free organic-inorganic aqueous flow battery” by Huskinson et. 
al, 2014, Nature 505(7482) p. 195-198 [7]. 
 
 The research conducted by Huskinson et al. utilized anthraquinone-2, 7-disulfonic 
acid which is different from anthraquinone-2, 6-disulfonic acid used in this thesis where 
by sulfonation of the anthraquinone occurs on different locations [7, 99]. The variation in 
substitution patterns lead to significantly different properties such as solubility, reduction 
potential and solvation energy. This was confirmed further by studying the effects of 




decreased by 95 mV. The decrease in reduction potential resulted in an 11% increase in 
cell potential and faster reduction kinetics.  
 In Figure 23, the discharge capacity retention is calculated, which is accomplished 
by dividing the discharge capacity of one cycle by the discharge capacity of the previous 
cycle. Table 2 shows the discharge capacity retention for both the AQDS-free control and 
the AQDS enhanced VRFB. The discharge capacity retention of the AQDS enhanced 
system was 99% after the 3rd cycle, which compares well with the discharge capacity 
retention of 99.2% exhibited by the system from Huskinson et al. [7, 99] The AQDS 
enhanced system increased the discharge capacity retention over the AQDS-free system 
by an average of 6.2% which correlates with the ~7.6% increase in efficiency reported 
previously. The increased discharge capacity retention further illustrates the effectiveness 
of the addition of AQDS in relation to the stabilization of the VRFB system.  
Table 4: The discharge capacity retention of the AQDS-free control and AQDS enhanced 
systems for five cycles. The addition of AQDS results in a higher retention of discharge 
over five cycles compared to the AQDS-free system. 



















The studies conducted by Yang et al. in “An Inexpensive Aqueous Flow Battery 
for Large-Scale Electrical Energy Storage Based on Water-Soluble Organic Redox 
Couples” demonstrated the first metal-free organic RFB [8]. As opposed to adding 
AQDS to an existing system, they utilized AQS and AQDS as the active species in 
negative electrolyte and BQDS as the active species in the positive electrolyte. The 
cycling behavior of the AQS/BQDS system can be observed in Figure 24, where the 
volumetric flowrate was 0.5 L/min and the charge and discharge current density was 8 
mA/cm2. The cycling behavior of the AQDS/BQDS system with a volumetric flowrate of 
1 L/min and a charge and discharge current density of 8 mA/cm2 is shown in Figure 25.   
 
Figure 24: The charge-discharge curves of the AQS/BQDS system presented in “An 
Inexpensive Aqueous Flow Battery for Large-Scale Electrical Energy Storage Based on 
Water-Soluble Organic Redox Couple” by Yang et al. [8] The cell was charged at 200 
mA with an active electrode area of 25 cm2 while the solution flowrate was 0.5 L/min. 
Reprinted with permission from “An inexpensive aqueous flow battery for large-scale 
electrical energy storage based on water-soluble organic redox couples”, by Yang et. al, 







Figure 25: The charge-discharge curves of the AQDS/BQDS system presented in “An 
Inexpensive Aqueous Flow Battery for Large-Scale Electrical Energy Storage Based on 
Water-Soluble Organic Redox Couple” by Yang et al. [8] The cell was charged at 200 
mA with an active electrode area of 25 cm2 while the solution flowrate was 1 L/min. 
Reprinted with permission from “An inexpensive aqueous flow battery for large-scale 
electrical energy storage based on water-soluble organic redox couples”, by Yang et. al, 
2014, Journal of The Electrochemical Society, 161(9), p. A1371-A1380 [8]. 
 
 Without any information about the final charge and discharge potential, cycle 
durations, efficiencies, or capacities, it is difficult to evaluate and compare their results to 
this work. However, Yang et al. concluded that AQDS had a higher solubility limit than 
AQS, which would allow for higher capacitance, increased potential and extended 
discharge duration [8]. This conclusion further justifies the utilization of AQDS as an 







Chapter 5: Conclusion and Future Work 
The global energy demand continues to increase as an ever increasing amount of 
fossil fuels are being burned to meet this demand. The utilization of renewable energy 
resources, namely solar and wind, produce intermittent energy and therefore require 
energy storage solutions such as batteries. RFB technology provides a unique alternative 
to conventional batteries due to scalability, high efficiency and long term cyclability. Of 
the RFBs investigated, VRFBs have been the most studied since it possesses the greatest 
potential for immediate implementation through the exploitation of the multiple oxidation 
states of vanadium in both positive and negative electrolytes. 
AQDS was investigated as an enhancement agent for the VRFB system and 
compared to a standard VRFB. Five cycle experiments were conducted in order to study 
the charge/discharge performance of the electrolyte containing AQDS in comparison to a 
control. The AQDS enhanced VRFB system was shown to increase capacity efficiency 
by an average of 7.6% and decrease the performance degradation over the standard 
VRFB, while reducing the overall cycle duration by approximately 18%. AQDS benefits 
the system by increasing the utilization of active material while avoiding the addition of 
expensive heavy metals and catalysts.  
Future research should be conducted to understand the long term stability of 
AQDS in the VRFB system in relation to the cycling performance and behavior. Since 
AQDS has multiple variants, due to the various locations for sulfonation and hydroxy-
substitution, research should be performed to calculate the standard potentials and 




other quinone subcategories as enhancement agents for the VRFB system would provide 
a meaningful contribution to the exploration of electrolyte additives. Optimization of the 
concentrations of the vanadium species and the quinone enhancement agent in regards to 
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Terms and Conditions
INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit ­ "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
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claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non­exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper­text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper­text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.
Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password­protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write­up of research results and analysis, it has not been peer­
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
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articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society­owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author­
incorporated changes suggested during submission, peer review and editor­author
communications.
Authors can share their accepted author manuscript:
         immediately
via their non­commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation­only research collaboration work­group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation­only work group on
commercial sites with which Elsevier has an agreement
         after the embargo period
via non­commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
         link to the formal publication via its DOI
         bear a CC­BY­NC­ND license ­ this is easy to do
         if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value­adding publishing activities including peer review co­ordination, copy­editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full­text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author­selected end­user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
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18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re­use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC­BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY­NC­SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by­nc­sa/4.0.
CC BY NC ND: The CC BY­NC­ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by­nc­nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
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         Associating advertising with the full text of the Article
         Charging fees for document delivery or access
         Article aggregation
         Systematic distribution via e­mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:
v1.8
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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Confirmation Number: 11595480
Order Date: 09/28/2016
Customer: James Mulcahy
Account Number: 3001045589
Organization: James Mulcahy 
Email: jamesm3278@aol.com
Phone: +1 (775)7841110
Payment Method: Invoice
Customer Information
This is not an invoice
Order Details
Permission type: Republish or display content
Type of use: Thesis/Dissertation
3957850567808Order License Id:
Requestor type Academic institution
Format Print, Electronic
Portion chart/graph/table/figure
Number of
charts/graphs/tables/f
igures
2
Title or numeric
reference of the
portion(s)
World electricity
generation by source of
energy, OECD renewable
energy supply
Title of the article or
chapter the portion is
from
Energy and
Transportation
Editor of portion(s) N/A
Author of portion(s) N/A
Volume of serial or
monograph N/A
Page range of portion 103­107
Publication date of
portion 2016
Rights for Main product
Duration of use Life of current edition
Creation of copies for
the disabled no
With minor editing
privileges no
For distribution to Worldwide
In the following
language(s)
Original language of
publication
Order detail ID: 70082410
ISSN: 1814­7364
Publication Type: e­Journal
Volume:
Issue:
Start page:
Publisher: OECD Publishing
OECD Factbook
Permission Status:   Granted
Billing Status:
N/A
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Total order items:  1 Order Total: $0.00
About Us | Privacy Policy | Terms & Conditions | Pay an Invoice
Copyright 2016 Copyright Clearance Center
With incidental
promotional use
no
Lifetime unit quantity
of new product Up to 499
Made available in the
following markets N/A
The requesting
person/organization James Mulcahy
Order reference number
Author/Editor James Mulcahy
The standard identifier
of New Work ProQuest
The proposed price 0.00
Title of New Work
Accelerating the Kinetics
of Vanadium Redox Flow
Battery
Publisher of New Work ProQuest
Expected publication
date Jan 2017
Estimated size (pages) 60
Note: This item was invoiced separately through our RightsLink service. More info $ 0.00
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THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE LICENSE
TERMS AND CONDITIONS
Sep 19, 2016
This Agreement between James Mulcahy ("You") and The American Association for the
Advancement of Science ("The American Association for the Advancement of Science")
consists of your license details and the terms and conditions provided by The American
Association for the Advancement of Science and Copyright Clearance Center.
License Number 3952650942957
License date Sep 19, 2016
Licensed Content Publisher The American Association for the Advancement of Science
Licensed Content Publication Science
Licensed Content Title Electrical Energy Storage for the Grid: A Battery of Choices
Licensed Content Author Bruce Dunn,Haresh Kamath,Jean­Marie Tarascon
Licensed Content Date Nov 18, 2011
Licensed Content Volume
Number
334
Licensed Content Issue
Number
6058
Volume number 334
Issue number 6058
Type of Use Thesis / Dissertation
Requestor type Scientist/individual at a research institution
Format Print and electronic
Portion Figure
Number of figures/tables 1
Order reference number
Title of your thesis /
dissertation
Accelerating the Kinetics of Vanadium Redox Flow Battery
Expected completion date Aug 2016
Estimated size(pages) 50
Requestor Location James Mulcahy
University of Nevada, Reno
1664 N. Virginia St. MS 0388
RENO, NV 89557
United States
Attn: James Mulcahy
Billing Type Invoice
Billing Address James Mulcahy
University of Nevada, Reno
1664 N. Virginia St. MS 0388
RENO, NV 89557
United States
Attn: James Mulcahy
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Total 0.00 USD
Terms and Conditions
American Association for the Advancement of Science TERMS AND CONDITIONS
Regarding your request, we are pleased to grant you non­exclusive, non­transferable
permission, to republish the AAAS material identified above in your work identified above,
subject to the terms and conditions herein. We must be contacted for permission for any uses
other than those specifically identified in your request above.
The following credit line must be printed along with the AAAS material: "From [Full
Reference Citation]. Reprinted with permission from AAAS."
All required credit lines and notices must be visible any time a user accesses any part of the
AAAS material and must appear on any printed copies and authorized user might make.
This permission does not apply to figures / photos / artwork or any other content or materials
included in your work that are credited to non­AAAS sources. If the requested material is
sourced to or references non­AAAS sources, you must obtain authorization from that source
as well before using that material. You agree to hold harmless and indemnify AAAS against
any claims arising from your use of any content in your work that is credited to non­AAAS
sources.
If the AAAS material covered by this permission was published in Science during the years
1974 ­ 1994, you must also obtain permission from the author, who may grant or withhold
permission, and who may or may not charge a fee if permission is granted. See original
article for author's address. This condition does not apply to news articles.
The AAAS material may not be modified or altered except that figures and tables may be
modified with permission from the author. Author permission for any such changes must be
secured prior to your use.
Whenever possible, we ask that electronic uses of the AAAS material permitted herein
include a hyperlink to the original work on AAAS's website (hyperlink may be embedded in
the reference citation).
AAAS material reproduced in your work identified herein must not account for more than
30% of the total contents of that work.
AAAS must publish the full paper prior to use of any text.
AAAS material must not imply any endorsement by the American Association for the
Advancement of Science.
This permission is not valid for the use of the AAAS and/or Science logos.
AAAS makes no representations or warranties as to the accuracy of any information
contained in the AAAS material covered by this permission, including any warranties of
merchantability or fitness for a particular purpose.
If permission fees for this use are waived, please note that AAAS reserves the right to charge
for reproduction of this material in the future.
Permission is not valid unless payment is received within sixty (60) days of the issuance of
this permission. If payment is not received within this time period then all rights granted
herein shall be revoked and this permission will be considered null and void.
In the event of breach of any of the terms and conditions herein or any of CCC's Billing and
Payment terms and conditions, all rights granted herein shall be revoked and this permission
will be considered null and void.
AAAS reserves the right to terminate this permission and all rights granted herein at its
discretion, for any purpose, at any time. In the event that AAAS elects to terminate this
permission, you will have no further right to publish, publicly perform, publicly display,
distribute or otherwise use any matter in which the AAAS content had been included, and all
fees paid hereunder shall be fully refunded to you. Notification of termination will be sent to
the contact information as supplied by you during the request process and termination shall
be immediate upon sending the notice. Neither AAAS nor CCC shall be liable for any costs,
expenses, or damages you may incur as a result of the termination of this permission, beyond
the refund noted above.
71
9/19/2016 RightsLink Printable License
https://s100.copyright.com/AppDispatchServlet 3/6
This Permission may not be amended except by written document signed by both parties.
The terms above are applicable to all permissions granted for the use of AAAS material.
Below you will find additional conditions that apply to your particular type of use.
FOR A THESIS OR DISSERTATION
If you are using figure(s)/table(s), permission is granted for use in print and electronic
versions of your dissertation or thesis. A full text article may be used in print versions only
of a dissertation or thesis.
Permission covers the distribution of your dissertation or thesis on demand by ProQuest /
UMI, provided the AAAS material covered by this permission remains in situ.
If you are an Original Author on the AAAS article being reproduced, please refer to your
License to Publish for rules on reproducing your paper in a dissertation or thesis.
FOR JOURNALS:
Permission covers both print and electronic versions of your journal article, however the
AAAS material may not be used in any manner other than within the context of your article.
FOR BOOKS/TEXTBOOKS:
If this license is to reuse figures/tables, then permission is granted for non­exclusive world
rights in all languages in both print and electronic formats (electronic formats are defined
below).
If this license is to reuse a text excerpt or a full text article, then permission is granted for
non­exclusive world rights in English only. You have the option of securing either print or
electronic rights or both, but electronic rights are not automatically granted and do garner
additional fees. Permission for translations of text excerpts or full text articles into other
languages must be obtained separately.
Licenses granted for use of AAAS material in electronic format books/textbooks are valid
only in cases where the electronic version is equivalent to or substitutes for the print version
of the book/textbook. The AAAS material reproduced as permitted herein must remain in
situ and must not be exploited separately (for example, if permission covers the use of a full
text article, the article may not be offered for access or for purchase as a stand­alone unit),
except in the case of permitted textbook companions as noted below.
You must include the following notice in any electronic versions, either adjacent to the
reprinted AAAS material or in the terms and conditions for use of your electronic products:
"Readers may view, browse, and/or download material for temporary copying purposes only,
provided these uses are for noncommercial personal purposes. Except as provided by law,
this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission
from the publisher."
If your book is an academic textbook, permission covers the following companions to your
textbook, provided such companions are distributed only in conjunction with your textbook
at no additional cost to the user:
­ Password­protected website
­ Instructor's image CD/DVD and/or PowerPoint resource
­ Student CD/DVD
All companions must contain instructions to users that the AAAS material may be used for
non­commercial, classroom purposes only. Any other uses require the prior written
permission from AAAS.
If your license is for the use of AAAS Figures/Tables, then the electronic rights granted
herein permit use of the Licensed Material in any Custom Databases that you distribute the
electronic versions of your textbook through, so long as the Licensed Material remains
within the context of a chapter of the title identified in your request and cannot be
downloaded by a user as an independent image file.
Rights also extend to copies/files of your Work (as described above) that you are required to
provide for use by the visually and/or print disabled in compliance with state and federal
laws.
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This permission only covers a single edition of your work as identified in your request.
FOR NEWSLETTERS:
Permission covers print and/or electronic versions, provided the AAAS material reproduced
as permitted herein remains in situ and is not exploited separately (for example, if
permission covers the use of a full text article, the article may not be offered for access or for
purchase as a stand­alone unit)
FOR ANNUAL REPORTS:
Permission covers print and electronic versions provided the AAAS material reproduced as
permitted herein remains in situ and is not exploited separately (for example, if permission
covers the use of a full text article, the article may not be offered for access or for purchase
as a stand­alone unit)
FOR PROMOTIONAL/MARKETING USES:
Permission covers the use of AAAS material in promotional or marketing pieces such as
information packets, media kits, product slide kits, brochures, or flyers limited to a single
print run. The AAAS Material may not be used in any manner which implies endorsement or
promotion by the American Association for the Advancement of Science (AAAS) or
Science of any product or service. AAAS does not permit the reproduction of its name, logo
or text on promotional literature.
If permission to use a full text article is permitted, The Science article covered by this
permission must not be altered in any way. No additional printing may be set onto an article
copy other than the copyright credit line required above. Any alterations must be approved
in advance and in writing by AAAS. This includes, but is not limited to, the placement of
sponsorship identifiers, trademarks, logos, rubber stamping or self­adhesive stickers onto the
article copies.
Additionally, article copies must be a freestanding part of any information package (i.e.
media kit) into which they are inserted. They may not be physically attached to anything,
such as an advertising insert, or have anything attached to them, such as a sample product.
Article copies must be easily removable from any kits or informational packages in which
they are used. The only exception is that article copies may be inserted into three­ring
binders.
FOR CORPORATE INTERNAL USE:
The AAAS material covered by this permission may not be altered in any way. No
additional printing may be set onto an article copy other than the required credit line. Any
alterations must be approved in advance and in writing by AAAS. This includes, but is not
limited to the placement of sponsorship identifiers, trademarks, logos, rubber stamping or
self­adhesive stickers onto article copies.
If you are making article copies, copies are restricted to the number indicated in your request
and must be distributed only to internal employees for internal use.
If you are using AAAS Material in Presentation Slides, the required credit line must be
visible on the slide where the AAAS material will be reprinted
If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you
must include the following notice in any electronic versions, either adjacent to the reprinted
AAAS material or in the terms and conditions for use of your electronic products: "Readers
may view, browse, and/or download material for temporary copying purposes only, provided
these uses are for noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission
from the publisher." Access to any such CD, DVD, Flash Drive or Web page must be
restricted to your organization's employees only.
FOR CME COURSE and SCIENTIFIC SOCIETY MEETINGS:
Permission is restricted to the particular Course, Seminar, Conference, or Meeting indicated
in your request. If this license covers a text excerpt or a Full Text Article, access to the
reprinted AAAS material must be restricted to attendees of your event only (if you have
been granted electronic rights for use of a full text article on your website, your website must
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be password protected, or access restricted so that only attendees can access the content on
your site).
If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you
must include the following notice in any electronic versions, either adjacent to the reprinted
AAAS material or in the terms and conditions for use of your electronic products: "Readers
may view, browse, and/or download material for temporary copying purposes only, provided
these uses are for noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission
from the publisher."
FOR POLICY REPORTS:
These rights are granted only to non­profit organizations and/or government agencies.
Permission covers print and electronic versions of a report, provided the required credit line
appears in both versions and provided the AAAS material reproduced as permitted herein
remains in situ and is not exploited separately.
FOR CLASSROOM PHOTOCOPIES:
Permission covers distribution in print copy format only. Article copies must be freestanding
and not part of a course pack. They may not be physically attached to anything or have
anything attached to them.
FOR COURSEPACKS OR COURSE WEBSITES:
These rights cover use of the AAAS material in one class at one institution. Permission is
valid only for a single semester after which the AAAS material must be removed from the
Electronic Course website, unless new permission is obtained for an additional semester. If
the material is to be distributed online, access must be restricted to students and instructors
enrolled in that particular course by some means of password or access control.
FOR WEBSITES:
You must include the following notice in any electronic versions, either adjacent to the
reprinted AAAS material or in the terms and conditions for use of your electronic products:
"Readers may view, browse, and/or download material for temporary copying purposes only,
provided these uses are for noncommercial personal purposes. Except as provided by law,
this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written permission
from the publisher."
Permissions for the use of Full Text articles on third party websites are granted on a case by
case basis and only in cases where access to the AAAS Material is restricted by some means
of password or access control. Alternately, an E­Print may be purchased through our reprints
department (brocheleau@rockwaterinc.com).
REGARDING FULL TEXT ARTICLE USE ON THE WORLD WIDE WEB IF YOU ARE
AN ‘ORIGINAL AUTHOR’ OF A SCIENCE PAPER
If you chose "Original Author" as the Requestor Type, you are warranting that you are one
of authors listed on the License Agreement as a "Licensed content author" or that you are
acting on that author's behalf to use the Licensed content in a new work that one of the
authors listed on the License Agreement as a "Licensed content author" has written.
Original Authors may post the ‘Accepted Version’ of their full text article on their personal
or on their University website and not on any other website. The ‘Accepted Version’ is the
version of the paper accepted for publication by AAAS including changes resulting from
peer review but prior to AAAS’s copy editing and production (in other words not the AAAS
published version).
FOR MOVIES / FILM / TELEVISION: 
Permission is granted to use, record, film, photograph, and/or tape the AAAS material in
connection with your program/film and in any medium your program/film may be shown or
heard, including but not limited to broadcast and cable television, radio, print, world wide
web, and videocassette.
The required credit line should run in the program/film's end credits.
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FOR MUSEUM EXHIBITIONS:
Permission is granted to use the AAAS material as part of a single exhibition for the
duration of that exhibit. Permission for use of the material in promotional materials for the
exhibit must be cleared separately with AAAS (please contact us at permissions@aaas.org).
FOR TRANSLATIONS: 
Translation rights apply only to the language identified in your request summary above.
The following disclaimer must appear with your translation, on the first page of the article,
after the credit line: "This translation is not an official translation by AAAS staff, nor is it
endorsed by AAAS as accurate. In crucial matters, please refer to the official English­
language version originally published by AAAS."
FOR USE ON A COVER: 
Permission is granted to use the AAAS material on the cover of a journal issue, newsletter
issue, book, textbook, or annual report in print and electronic formats provided the AAAS
material reproduced as permitted herein remains in situ and is not exploited separately
By using the AAAS Material identified in your request, you agree to abide by all the terms
and conditions herein.
Questions about these terms can be directed to the AAAS Permissions department
permissions@aaas.org.
Other Terms and Conditions:
v 2
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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Terms and Conditions
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You are hereby granted a personal, non­exclusive, non­sub licensable (on a stand­alone basis), non­transferable,
worldwide, limited license to reproduce the Wiley Materials for the purpose specified in the licensing process. This license,
and any CONTENT (PDF or image file) purchased as part of your order, is for a one­time use only and limited to any
maximum distribution number specified in the license. The first instance of republication or reuse granted by this license
must be completed within two years of the date of the grant of this license (although copies prepared before the end date
may be distributed thereafter). The Wiley Materials shall not be used in any other manner or for any other purpose, beyond
what is granted in the license. Permission is granted subject to an appropriate acknowledgement given to the author, title of
the material/book/journal and the publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any third party content is expressly
excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the terms of the license, no part
of the Wiley Materials may be copied, modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no derivative works may be made
based on the Wiley Materials without the prior permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the terms of the license are extended
to include subsequent editions and for editions in other languages, provided such editions are for the work as a whole
in situ and does not involve the separate exploitation of the permitted figures or extracts, You may not alter, remove or
suppress in any manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand­alone basis, or any of the
rights granted to you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times remain the exclusive property of John
Wiley & Sons Inc, the Wiley Companies, or their respective licensors, and your interest therein is only that of having
possession of and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or any of the intellectual property
rights therein. You shall have no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder, and you agree that you shall not assert any such right, license or interest with respect thereto
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY KIND TO YOU OR
ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY OF
ANY INFORMATION CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY
OF MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON­INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU. 
WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, officers, agents and
employees, from and against any actual or threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER
PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
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LIMITED REMEDY PROVIDED HEREIN. 
Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal, invalid, or unenforceable,
that provision shall be deemed amended to achieve as nearly as possible the same economic effect as the original
provision, and the legality, validity and enforceability of the remaining provisions of this Agreement shall not be affected or
impaired thereby. 
The failure of either party to enforce any term or condition of this Agreement shall not constitute a waiver of either party's
right to enforce each and every term and condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed by the party granting such waiver or
consent. The waiver by or consent of a party to a breach of any provision of this Agreement shall not operate or be
construed as a waiver of or consent to any other or subsequent breach by such other party. 
This Agreement may not be assigned (including by operation of law or otherwise) by you without WILEY's prior written
consent.
Any fee required for this permission shall be non­refundable after thirty (30) days from receipt by the CCC.
These terms and conditions together with CCC's Billing and Payment terms and conditions (which are incorporated herein)
form the entire agreement between you and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written. This Agreement may not be amended
except in writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of the parties'
successors, legal representatives, and authorized assigns. 
In the event of any conflict between your obligations established by these terms and conditions and those established by
CCC's Billing and Payment terms and conditions, these terms and conditions shall prevail.
WILEY expressly reserves all rights not specifically granted in the combination of (i) the license details provided by you and
accepted in the course of this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the
licensing process.
This Agreement shall be governed by and construed in accordance with the laws of the State of New York, USA, without
regards to such state's conflict of law rules. Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction in New York County in the State of
New York in the United States of America and each party hereby consents and submits to the personal jurisdiction of such
court, waives any objection to venue in such court and consents to service of process by registered or certified mail, return
receipt requested, at the last known address of such party.
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals offering Online Open. Although
most of the fully Open Access journals publish open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a choice of Creative Commons Licenses. The
license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC­BY) allows users to copy, distribute and transmit an article, adapt the article and
make commercial use of the article. The CC­BY license permits commercial and non­
Creative Commons Attribution Non­Commercial License
The Creative Commons Attribution Non­Commercial (CC­BY­NC)License permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.(see below)
Creative Commons Attribution­Non­Commercial­NoDerivs License
The Creative Commons Attribution Non­Commercial­NoDerivs License (CC­BY­NC­ND) permits use, distribution and reproduction
in any medium, provided the original work is properly cited, is not used for commercial purposes and no modifications or
adaptations are made. (see below)
Use by commercial "for­profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires further explicit permission from
Wiley and will be subject to a fee.
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Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id­410895.html
Other Terms and Conditions:
v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or +1­978­646­2777.
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Terms and Conditions
Terms and Conditions for Permissions
Nature Publishing Group hereby grants you a non­exclusive license to reproduce this material for this purpose, and for no other
use,subject to the conditions below:
1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this material. However, you should
ensure that the material you are requesting is original to Nature Publishing Group and does not carry the copyright of
another entity (as credited in the published version). If the credit line on any part of the material you have requested
indicates that it was reprinted or adapted by NPG with permission from another source, then you should also seek
permission from that source to reuse the material.
2. Permission granted free of charge for material in print is also usually granted for any electronic version of that work,
provided that the material is incidental to the work as a whole and that the electronic version is essentially equivalent to, or
substitutes for, the print version.Where print permission has been granted for a fee, separate permission must be obtained
for any additional, electronic re­use (unless, as in the case of a full paper, this has already been accounted for during your
initial request in the calculation of a print run).NB: In all cases, web­based use of full­text articles must be authorized
separately through the 'Use on a Web Site' option when requesting permission.
3. Permission granted for a first edition does not apply to second and subsequent editions and for editions in other languages
(except for signatories to the STM Permissions Guidelines, or where the first edition permission was granted for free).
4. Nature Publishing Group's permission must be acknowledged next to the figure, table or abstract in print. In electronic form,
this acknowledgement must be visible at the same time as the figure/table/abstract, and must be hyperlinked to the journal's
homepage.
5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference citation), copyright (year of
publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance online publication, day month year
(doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)
Note: For republication from the British Journal of Cancer, the following credit lines apply.
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME] (reference
citation), copyright (year of publication)For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME], advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)
6. Adaptations of single figures do not require NPG approval. However, the adaptation should be credited as follows:
Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference citation), copyright (year of
publication)
Note: For adaptation from the British Journal of Cancer, the following credit line applies.
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME] (reference
citation), copyright (year of publication)
7. Translations of 401 words up to a whole article require NPG approval. Please visit
http://www.macmillanmedicalcommunications.com for more information.Translations of up to a 400 words do not require
NPG approval. The translation should be credited as follows:
Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference citation), copyright (year of
publication).
Note: For translation from the British Journal of Cancer, the following credit line applies.
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME] (reference
citation), copyright (year of publication)
We are certain that all parties will benefit from this agreement and wish you the best in the use of this material. Thank you.
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